Anthocyanins are the natural plant pigments responsible for most of the red, blue and purple colors of flowers and fruit. One method of stabilization of the color of anthocyanins in nature is intramolecular copigmentation, in which a copigment molecule covalently attached to one of the sugar residues complexes with the anthocyanin cation chromophore. In the present work, two quantum chemical methodologies, time-dependent density functional theory (TD-DFT) and secondorder algebraic diagrammatic construction (ADC(2)), were employed to predict the absorption spectra in vacuum and conductor-like screening model (COSMO) water of a natural anthocyanin containing an ester of coumaric acid (copigment) bound to the sugar residue of a cyanidin chromophore. ADC(2) in water adequately reproduces the experimental spectra with and without intramolecular copigmentation, pointing to this theoretical technique as a promising approach for predicting the spectroscopic properties of natural (and nature-inspired) dyes and pigments.
Introduction
Anthocyanins are the natural plant pigments responsible for most of the red, blue and purple colors of flowers and fruit. [1] [2] [3] [4] The thousands of different anthocyanins that have been described in the literature 4, 5 differ basically in the chemical nature of the sugars and other residues attached to one of six basic anthocyanidin cation chromophores (Scheme 1). In nature, the 7-hydroxy group is almost always free, the 3-hydroxy group is always glycosylated and the 5-hydroxy group of the anthocyanidin cation chromophore may or may not be glycosylated.
The following questions are of particular interest to us: (i) how do plants manipulate the structure and/or chemistry of the anthocyanins to produce such a broad palette of colors (all colors across the visible spectrum are known except green, for perhaps obvious reasons); 6, 7 (ii) what are the relationships between structure and stability, not just chemical, but also photochemical, in order to withstand large doses of solar radiation without fading; [8] [9] [10] and (iii) how are color, structure and stability related to their biological roles in plants? 8 A more profound understanding of these questions is central to the rational design of new anthocyanin-inspired dyes and pigments with desirable colors and stability and for the color stabilization of natural anthocyanins in practical applications such as cosmetics or foods. [11] [12] [13] Although the maximum wavelength of the absorption, and hence the color of anthocyanidin cations shifts toward the red (longer wavelengths) with increasing number of hydroxy or methoxy substituents in the B-ring, 5, 6 this by itself cannot account for the much larger color changes observed in nature. At the same time, upon isolation from the plant, the color of natural anthocyanins is found to be quite sensitive to the pH of the medium. Anthocyanins are weak acids, with pK a s for deprotonation of the 7-hydroxy group in the range of ca. pH 4-5. 7 Although the conjugate bases (A) absorb at slightly longer wavelengths and are more bluish in color, this is of limited utility for changing the color due to competitive pH-dependent chemical equilibria that transform the colored anthocyanin cation (AH + ) into colorless or near-colorless products above about pH 3. Thus, upon increasing the pH of an aqueous solution of an anthocyanin to neutral pH, the cation (AH + ) undergoes hydration (time scale of seconds) to form the hemiketal (B), followed by ring-opening tautomerism (time scale of minutes) to the (E)-chalcone (EC), which in turn can isomerize (time scale of hours) to the (Z)-chalcone (ZC). Acidification to pH 1-2 reverts the system back to the cation form AH + , recovering the color. 8 One obvious way to prevent the hydration-dependent loss of color of anthocyanins would be to isolate or encapsulate the anthocyanin in an environment that prevents contact with water. Indeed, inclusion of the 3',4',7-trimethoxyflavylium cation, a synthetic analog of the anthocyanin chromophore, in the cavity formed by two molecules of cucurbit [7] uril does stabilize its color up to near neutral pH.
14 Likewise, incorporation of anthocyanins into anionic micelles of sodium dodecyl sulfate (SDS) also stabilizes the color to higher solution pH due to the higher local concentration of protons at the micelle surface combined with additional electrostatic stabilization of the cationic form (AH + ) relative to the neutral forms (A, B, EC and ZC). 15 A second mechanism that contributes to color stabilization in plants is copigmentation. 10, [16] [17] [18] [19] [20] [21] [22] [23] In the plant vacuoles where anthocyanins concentrate, [24] [25] [26] the anthocyanin cation AH + can chelate with metal cations 23, 27 such as Al 3+ and/or form complexes with colorless organic copigment molecules, such as electron-rich derivatives of hydroxybenzoic or hydroxycinnamic acids, flavones or one of the colorless neutral forms of the anthocyanin itself. 10, [16] [17] [18] [19] [20] [21] [22] [23] Metal cation chelation can lead to large changes in the color, primarily from red to blue as, for example, in Hydrangea, 28 but is limited to anthocyanins with two or more free OH groups in the B-ring 23, 27, 29 (i.e., anthocyanins derived from cyanidin, delphinidin and petunidin). In contrast, copigmentation via complexation with organic molecules results in much smaller red shifts of the absorption, but can increase the pH at which hydration occurs, consistent with steric hindrance to attack of water and charge transfer from the copigment to the anthocyanin as an important contributor to the stability of the anthocyanin-copigment complex. 10, [16] [17] [18] [19] [20] [21] [22] [23] One limitation of this bimolecular copigmentation is the range of stability constants for the complexation, 21, 23 which rarely exceed 10 4 M -1
, requiring mM or greater local copigment concentrations in order to achieve a substantial percentage of complexation of the anthocyanin. Some plants have overcome the entropic limitations of bimolecular copigmentation by covalently attaching one or more copigment molecules to the sugar residues of the anthocyanin (e.g., acyl ester derivatives), [18] [19] [20] 22, 23 transforming the copigmentation into an entropically much more favorable intramolecular complexation phenomenon.
The photochemical stability of anthocyanins is the result of the existence of several extremely efficient, ultrafast pathways for the transformation of absorbed light energy into heat. The lowest excited singlet state of anthocyanins is a much stronger acid than the ground state, with excited state pK a *s in the range of -1 to 0. Thus, upon electronic excitation of an anthocyanin cation in pH 2 aqueous solution, the lowest excited singlet state of the cation (AH + *) undergoes ultra-rapid adiabatic proton transfer to water (in ca. 5-20 ps) to produce the excited singlet state of the conjugate base A*, which in turn decays rapidly to its ground state (in ca. 200 ps), where reprotonation returns the system to its pre-excitation state. 8, 9 The excited states of copigmentation complexes are deactivated by an additional even more efficient pathway, presumably charge-transfermediated internal conversion, which funnels the singlet excited state of the complex back to the ground state in less than a ps. 10, 22 During eons of evolution, the interactions of plants with animals and their environment have resulted in the appearance of pigments that attract (or perhaps warn away) pollinators, frugivores or herbivores or serve as excess solar radiation filters. [30] [31] [32] [33] In practical terms, a solid theoretical understanding of the relationship between the structure, spectroscopy and photochemistry of natural plant pigments has important implications for their use as safe dyes or coloring agents in foods and pharmaceutical preparations, where long-term stability and lightfastness of the color are important parameters. In the present work, we compare the ability of two quantum chemical methodologies to predict the effects of intramolecular copigmentation on the absorption spectra of an acyl anthocyanin. Comparison with experimental data 22 for this anthocyanin with and without the acyl copigments chromophore provides clear guidelines for further work envisioning the rational computational design and development of new classes of synthetic natureinspired dyes and pigments for a variety of applications in consumer products.
Methodology

Quantum chemical calculations
The geometry optimization and spectroscopic analyses were performed with a standard Becke, 3-parameter, Lee-Yang-Parr (B3-LYP) 34 and the triple zeta valence polarization (TZVP) 35 basis set. Generalized polar solvent effects were included by employing the conductor-like screening model (COSMO) 36, 37 to mimic water during the geometry optimization procedure. All calculations were performed using the Turbomole 38 suite of programs. The calculations of the vertical electronic states were performed by means of time-dependent density functional theory (TD-DFT) 39, 40 and by the second-order algebraic diagrammatic construction (ADC(2)) 41 with TZVP basis set. The ADC(2) method is combined with the resolution of identity (RI), 42 allowing an efficient handling of the twoelectron integrals. The energies of the five lowest excited states were calculated in both vacuum and taking water as polar environment based on the B3-LYP/TZVP optimized geometries in vacuum and, in the latter case, the geometries reoptimized including the effect of the polar medium.
Calculated absorption spectra
The band shapes of the theoretically predicted absorption spectra were constructed in Microsoft Excel from the vertical excitation energies (E i , in eV) and the corresponding oscillator strengths (f i ) for the first 5 excited states as a sum of superimposed Gaussian functions centered on each E i : 43 ( 1) where ∆ ½ is the spectral bandwidth (full width at half maximum) in eV and is the molar absorption
). A spectral bandwidth of 0.36 eV, an average value determined for the long-wavelength absorption band of several experimental absorption spectra of anthocyanins, was used for all of the electronic transitions. Spectra were plotted as ε(λ) versus wavelength (λ, in nm) and normalized to permit comparison with the experimental spectra. The published absorption spectra 22 were digitized with the online application WebPlot Digitizer.
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Results and Discussion
T h e a cy l a n t h o cy a n i n C y C o u m ( cy a n i d i n ). 22 The 520 nm band is shifted about 12 nm to the red and decreases in intensity relative to the long wavelength absorption band of Cy (508 nm, ε = 32000 M -1 cm -1
). 22 Both Cy and CyCoum have short ca. 4-5 ps fluorescence lifetimes due to fast excited state proton transfer to water, but Cy has a 2.2-fold higher fluorescence quantum yield, consistent with partial intramolecular copigmentation (ca. 60-65%) in CyCoum. Further evidence of the presence of an intramolecular copigmentation complex in CyCoum is provided by the decay of the CyCoum excited singlet state, which indicates a competition between excited state proton transfer and an additional ultrafast internal conversion pathway back to the ground state, and the partial protection against attack of water (0.4 unit increase in the pK value for hydration) in CyCoum relative to Cy. 22 Geometry optimizations were initially performed in the gas phase for cyanidin-3,5-O-diglucoside (Cy) and the glycosylated acyl anthocyanin CyCoum with the covalently attached Coum-ester copigments chromophore by the B3-LYP/TZVP approach in vacuum. Although the optimized structure of the former was deemed satisfactory, the final geometry of CyCoum indicated a rather severe restriction to the mobility of Coum-ester group relative to the cyanidin chromophore due to multiple hydrogen bonds between the 3-O-and 5-O-sugar residues (Figure 1) , that would presumably be of much less importance in aqueous solution due to hydrogen bonding to water. Because the addition of up to five additional water molecules hydrogen-bonded to selected OH groups of the molecule failed to resolve fully the conformational restrictions, the 5-O-sugar residue was replaced with a methoxy group (5-MeO-CyCoum) so that the conformational space of the 3-O-sugar and the attached Coum-ester chromophore could be appropriately explored during the geometry optimization. As shown in Figure 1 , the Coum-ester chromophore of 5-MeO-CyCoum lies in relatively intimate contact with the cyanidin chromophore, maximizing the interchromophoric interaction.
Excitation energies (∆E), corresponding maximum wavelengths (λ) and oscillator strengths (f) for the 5 lowest excited states of Cy calculated by TD-DFT in vacuum and in water (COSMO) employing the B3-LYP/TZVP geometries optimized in vacuum or water, respectively, are listed in Table 1 , and the corresponding predicted spectra illustrated in Figure 2a . The analogous results for Cy calculated at the ADC(2)/TZVP level of theory are shown in Table 2 and Figure 2b for comparison. Three important conclusions emerge from these results: (i) the differences in energies of the upper excited states and the oscillator strengths are relatively insensitive to the difference between geometry optimizations in vacuum and in water; (ii) the most notable difference is a slight increase in the energy of state S 1 in water at both levels of theory; (iii) the S 0 → S 1 absorption maxima predicted by the ADC(2)/TZVP approach are in better agreement with the experimental value, though still too high by almost 20 nm in a polar environment (water); and (iv) the S 0 → S 3 oscillator strength appears to be overestimated to a greater extent in the TD-DFT approach. Tables 3 and 4 compare the computational results for the first 5 excited states of CyCoum, which has the less-than-optimal interaction between the anthocyanin and coumaric ester chromophores, and 5-MeO-CyCoum, where the conformational restriction imposed by hydrogen bonding in the sugar residues was relaxed. Here there are clear differences between the lowest two excited states at the ADC(2)/TZVP level and the lowest three states at the TD-DFT level of theory, probably reflecting the known limitations of TD-DFT with the conventional B3-LYP functional in the treatment of excited states that, as in the present case, 22 have appreciable charge-transfer character (a problem that can in principle be ameliorated by the use of a range-separated hybrid). 40 Note in particular that the excited state energies of the conformation adopted by this restricted conformation of CyCoum are much closer to those of Cy than to those of 5-MeO-CyCoum, consistent with the anticipated short-range, overlap-dependent nature of the interaction between the anthocyanin and copigment chromophores in copigmentation complexes. Figure 3 compares the absorption spectra of Cy and 5-MeO-CyCoum (normalized relative to Cy) predicted by ADC(2)/TZVP in water with the corresponding experimental spectra of Cy and CyCoum in aqueous solution. The calculated spectra nicely reproduce the two most salient features of the experimental spectra, i.e., the slight shift of the long-wavelength band of the spectrum to the red, together with a moderate decrease in its intensity that appears to be characteristic of copigmentation of this type. Moreover, when the spectrum of CyCoum is simulated as 35:65 percent ratio of the Cy and 5-MeO-CyCoum spectra, consistent with the approximate extent of intramolecular copigmentation, an even closer match to the relative intensities observed in the experimental spectra is obtained.
Conclusions
In summary, compared to TD-DFT/B3-LYP/TZVP, the ADC(2)/TZVP approach provides a much superior description of the excited state energies and of the optical absorption spectrum of this system. In particular, the absorption spectra predicted by ADC(2)/TZVP in a polar Table 1 ); (b) ADC(2)/TZVP (from data in Table 2 ).
the long-wavelength absorption band. The combination of B3-LYP/TZVP geometry optimization with ADC(2)/ TZVP and COSMO program to take into account solvent effects thus appears to constitute a promising ensemble of theoretical techniques for obtaining a deeper understanding of the spectroscopic properties of both natural (and natureinspired) dyes and pigments. 
